By employing ab-initio electronic structure calculations based on the density functional theory, we investigated the adsorption, diffusion, bonding, and electronic properties associated with the enhanced bonding of Au on hydroxylated MgO(001) surfaces. The calculations in this study show that the binding of Au on hydroxylated MgO (001) is substantially enhanced by an ionic-like interaction as compared to the case of Au on regular MgO(001). Indeed, the adsorption of Au on hydroxylated MgO surfaces is stronger than that of Au and OH on MgO(001). AuOH complexes are formed on MgO(001) surfaces via the fast surface diffusion of OH and Au. It is found that the AuOH structure is very stable against not only dissociation (i.e., it is very difficult for it to decompose back into OH and Au) but also surface diffusion (i.e., it has low surface mobility). More detailed electronic structure analysis of the charge distribution of AuOH on MgO(001) reveals that the enhanced ionic-like bonding is achieved via the polarization variation in Au induced by both ionic OH and MgO surface atoms.
Introduction
Nanosized metal clusters and thin films on oxides have attracted a great deal of interest because of their importance in various technological applications, such as heterogeneous catalysis, gas sensors, corrosion-protective coatings, and microelectronic devices. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] In particular, oxide-supported metal clusters have a high potential for chemical, photochemical, and catalytic applications. For instance, while gold is known to be chemically inert in the bulk metal phase, nanosized gold clusters exhibit remarkable catalytic activity for several reactions. [1] [2] [3] [4] [5] It is generally believed that their catalytic activity depends on several factors, such as atomic structures, electronic effects, and support effects. 4, 5, 14, 15) The interaction of metal atoms with oxides, being the early step in searching for the aforementioned factors, has been extensively investigated from both the experimental and theoretical aspects. [16] [17] [18] [19] [20] [21] [22] Among the oxide supports, the MgO(001) surface, a prototype of the ionic-oxide surface, has been most widely investigated due to its favorable physical properties, such as its simple atomic structure and good chemical stability. Studies of metal atoms on MgO(001) showed that metal atoms prefer to interact more strongly with surface oxygen anions rather than surface magnesium cations. [18] [19] [20] [21] However, in any realistic reaction environment, oxide surfaces will be covered by a certain amount of strongly bound hydroxyl groups after exposure to air and at moderate temperatures. Recent experimental studies reported on the modification of MgO(001) surfaces with hydroxyl groups by exposure to water and the physical properties of subsequently deposited gold atoms. 23, 24) Surface science analysis of gold clusters on clean and hydroxylated MgO surfaces showed that the stability of gold clusters against sintering associated with deactivation of chemical reactions was enhanced on hydroxylated MgO surfaces (MgO hdr ). This result was explained by the stronger interaction of Au with the MgO hdr surface, which results in the formation of positively charged gold particles. 24) To gain some important physical insights into the formation of Au-OH complexes in the very early stages of Au deposition on MgO hdr surfaces, it is very important to systematically study the adsorption, diffusion, bonding, and electronic structures of Au and OH on MgO(001) and of Au on MgO hdr (001).
In this paper, we report on a detailed theoretical investigation of the adhesion, diffusion, and electronic properties associated with the enhanced bonding of Au atoms on MgO hdr (001) surfaces using spin-dependent density-functional theory (DFT) calculations. 25, 26) As such, we are able to identify the distinct role of labile OH as it chemically interacts with the basic unit of Au clusters, a single Au atom.
The paper is organized as follows. In x2, we briefly describe the computational methods that were used in this study. The adsorption, surface diffusion, and electronic properties of Au and OH on MgO(001) and of Au on hydroxylated MgO(001) are presented and discussed in x3. Finally, the conclusions are stated in x4.
Computational Method
All the calculations were carried out using the spindependent DFT, as implemented in the Vienna Ab-initio Simulation Package (VASP) code. 27, 28) The exchangecorrelation functional was approximated with the PerdewBurke-Ernzerhof (PBE) expression. 29) For electron-ion interactions, the projector-augmented wave (PAW) method 30) was used. The electronic wave functions were expanded in a basis set of plane waves with a kinetic energy cutoff of 380 eV. This treatment yielded a theoretical lattice constant of 4.238 # A for MgO in bulk, which agreed well with experimental data. 31) To simulate molecules and atoms adsorbed on MgO(001), we used a repeating slab structure consisting of four MgO layers with a 12.7 # A vacuum region. The surface periodicity in the lateral directions was set to be 4 Â 4 (11:987 # A Â 11:987 # A). The molecules and atoms were adsorbed only on one side of the slab. For the in-plane lattice constant of the MgO slab, the theoretical PBE lattice constant of the bulk MgO was used. The k-space integration was performed with finite sampling of special k points on a 2 Â 2 Â 1 mesh in the Brillouin zone (BZ), which were generated according to the Monkhorst-Pack scheme. 32) All the atoms in the slab were relaxed, except for the two bottom MgO layers fixed at the bulk positions. Geometry optimization was performed until the remaining forces became smaller than 0.03 eV/ # A.
Results and Discussion

Adsorption and surface diffusion
To study the adsorption of OH and Au on clean MgO(001) and of Au on MgO hdr (001) with surface hydroxyl groups, various configurations are considered herein. For these configurations, the energetically most favorable structure is determined by calculating their total energies. The adsorption energies (E ads ) for OH and Au on MgO(001) and for Au on MgO hdr (001) are calculated as E ads ¼ E X=S À E X À E S , where X and S denote adsorbates and substrates, respectively, and E conf (conf ¼ X=S; X; S) stands for the total energy of each configuration. The geometry-optimized structures for the most stable configurations are shown in the left panels of Fig. 1 , and their energies and structural parameters are summarized in Tables I and II, respectively. For OH, a surface hollow site is energetically favored 33) in which the oxygen atom interacts with the neighboring surface oxygen and magnesium atoms [ Fig. 1(a) ]. The atomic distances between the O atom (O hdr ) of OH and the neighboring surface magnesium atoms are found to be slightly longer than that between the O and Mg atoms in bulk MgO. The adsorption of OH on MgO(001) shows a spin polarization value of 1.0 B , which is consistent with the optimal gas-phase value of free OH. The calculation results show that on MgO(001) surfaces, the hydroxyl group is more strongly adsorbed than a Au atom on top of a surface oxygen anion of MgO (001) [ Fig. 1(b) ]. [18] [19] [20] The adsorption of OH is 0.53 eV more stable than that of Au (Table I) .
When Au adsorbs on MgO hdr (001), both Au and OH can diffuse on the MgO surface. The diffusion barriers are determined using the climing image nudged elastic band method. 34) It is found that OH tends to diffuse on the MgO surface along channels passing through surface magnesium sites [ Fig. 2(a) ]. In spite of the strong binding of OH on MgO, a very low diffusion barrier of 0.24 eV is obtained. For Au, the surface diffusion occurs along channels passing through surface hollow sites with a diffusion barrier of 0.23 eV [ Fig. 2(b) ]. These results suggest that both OH and Au tend to diffuse very fast on the MgO(001) surface, giving rise to a high probability of mutual contact via the surface diffusion of both species. 
Formation and stability of AuOH
Given the fast diffusion kinetics described above, we also investigate the interaction of Au with OH on MgO(001). Our calculations show that when Au and OH are in close contact, OH moves over Au with an energy barrier of 0.11 eV and forms a AuOH complex on top of a surface oxygen site [ Fig. 1(c) Table II) .
To estimate the tendency of AuOH to dissociate back into OH and Au on the surface, we calculate the binding energy E b required to form AuOH from single OH and Au adsorbates on the MgO surface using the following equation:
The binding energy of Au and OH for the formation of AuOH on MgO is 2.53 eV, which is very close to the value (2.74 eV) for freestanding AuOH(g) ( Table I) . The Au-O hdr distance for Au on MgO hdr (AuOH on MgO) is also found to be very similar to that for AuOH(g) ( Table II) .
It is interesting to note herein that the binding energy (2.53 eV) between Au and OH on MgO is much larger than the Au-Au binding energy of 1.97 eV for the formation of a Au dimer on MgO(001). This indicates that, based on thermodynamics accounting, Au adatoms would prefer to form AuOH instead of Au dimers in the very early stages of Au deposition on MgO hdr . This naturally leads us to investigate the surface diffusion of AuOH on MgO(001), shedding some light on the surface kinetics of this complex. Surface diffusion occurs along channels passing through surface hollow sites [ Fig. 2(c) ]. The diffusion barrier of AuOH on MgO(001) is found to be 0.95 eV, which is significantly larger than that of individual Au or OH on MgO(001) (0.23-0.24 eV). Now, considering both the thermodynamics and kinetics of AuOH complex formation on MgO(001), we find that once AuOH is formed via the surface diffusion of OH and Au, it is very stable against not only dissociation (i.e., it is very difficult for it to decompose back into OH and Au) but also surface diffusion (i.e., it has low surface mobility).
Electronic structures and charge analysis
To obtain some chemical insights into the changes in the adsorption of Au on MgO(001) caused by the interaction of Au with OH, we analyze the electronic structure of this system by studying the projected density of states and carry out charge analysis for AuOH on MgO(001).
The projected spin-polarized electronic densities of states (PDOSs) for OH, Au, and AuOH on MgO are presented in the right panels of Fig. 1 , along with the shapes of the electronic states near the Fermi energy, which are drawn next to the corresponding PDOS peaks. Upon OH adsorption, the OH states are formed within the valence band of MgO, as well as in the gap of MgO [ Fig. 1(a) ]. The Fermi energy is located at the valence band maximum. As a result, the OH-induced gap state consisting of p(O hdr )-p(O s ) orbitals is empty. For Au, the Au 6s-derived states consisting of s(Au)-d(Au)-p(O s ) orbitals, which are formed in the gap of MgO, split in energy [ Fig. 1(b) ]. As a result, the 6s-derived lower energy state is filled, while the 6s-derived upper energy state is empty. For AuOH, the AuOH state with p(O hdr )-d(Au)-p(O s ) orbitals is formed in the gap region near the valence band maximum of MgO. This feature is very similar to the highest occupied molecular orbital (HOMO) state of AuOH(g), which consists of p(O hdr )-d(Au) orbitals [ Figs. 1(c) and 3 ]. This could explain many similarities between the adsorbed and freestanding AuOH complexes (e.g., bond distances and charge distribution; see below).
Turning to the charge analysis, the isosurface plot of the electron density difference Á is shown in Fig. 4(c) :
Here, OH=Au=MgO is the electron density of OH/Au/MgO(001), MgO is the electron density of the frozen MgO substrate without the adsorbate, OH and Au are the electron densities of the frozen hydroxyl group and gold, respectively, and n OH and n Au are the numbers of OH groups and Au atoms, respectively. Figure 4(c) shows a substantial rearrangement of electrons around AuOH on MgO(001). As was the case for Au atoms on clean MgO(001), we notice image charge effects, which are attributed to the polarization of Au atoms induced by the strong ionicity of the MgO surface atoms. Indeed, electron accumulation is observed above the interfacial magnesium cations, and electron depletion is observed above the interfacial oxygen anion [ Fig. 4(c) ]. In addition to image charge effects, a simultaneous electron transfer mechanism from MgO to OH (via Au) is observed. The transferred electrons are more localized at the hydroxyl group [ Fig. 4(c) ]. Bader analysis [36] [37] [38] of the electronic charges shows that the net charges of OH, Au, and MgO of AuOH on MgO(001) are À0:54jej, þ0:23jej, and þ0:31jej, respectively, in contrast to net charges of À0:46jej and þ0:46jej for OH and Au of AuOH(g), of À0:42jej for OH of OH/MgO(001), and of À0:23jej for Au of Au/ MgO(001). This result indicates that the adsorption of AuOH on MgO(001) obtains an additional energy gain by the ionic interaction of the positively charged Au with a neighboring surface oxygen anion of MgO compared to that of the negatively charged Au of Au on top of a surface oxygen anion of MgO(001). This feature is well reflected in the adsorption energy (À2:02 eV) of AuOH on MgO(001), which is larger than that (À0:85 eV) of Au on MgO(001). This is consistent with the experimental observation of oxidized Au on MgO hdr . 24) Such charge redistribution for AuOH on MgO(001) is observed to be more significant than those for Au and OH on MgO(001) (Fig. 4) . This appears as a pronounced feature in the line profile of the planaraveraged electron density difference Á ave ðzÞ along the surface-normal z-axis. Figure 4 clearly exhibits more significant variation in Á ave ðzÞ in the order AuOH > OH > Au for adsorption on MgO(001). This order is the same as that for the adsorption energies. This indicates that when AuOH complexes form on the highly ionic MgO(001) surface, the strong binding of AuOH on MgO(001) is greatly facilitated by this electron transfer mechanism, which is weak for Au on MgO(001) (Fig. 4) . Evidently, this promotional (electron-withdrawing) effect of OH is necessary to enhance the stability of Au complexes on ionic oxide substrates. This OH-induced adsorption behavior of Au on MgO hdr (001) is also in contrast to the adsorption of Au on electron-donating neutral surface oxygen vacancies (F s centers) of MgO(001) that leads to the negatively charged state of Au.
Summary
Our calculation results show that the binding of Au on hydroxylated MgO(001) surfaces is considerably enhanced by an ionic-like interaction that forms between Au and OH in AuOH, as compared to the case of Au on MgO(001). Indeed, the adsorption of Au on hydroxylated MgO is found to be more thermodynamically stable than that of Au and OH on MgO, and very slow diffusion kinetics of individual AuOH species are found on this surface. Furthermore, detailed chemical and electronic structure analysis of the charge distribution of AuOH on MgO reveals that highly polarizable metal atoms (such as Au) significantly promote the chemical bonding between AuOH and its oxide support. This is achieved via polarization variation in the metal atoms induced by both the ionic OH and MgO surface atoms. These results provide comprehensive insight not only for the experimentally observed higher thermal stability of Au clusters on MgO(001) in a humid environment but also for a prospective understanding of how hydroxyl groups could act as strong anchoring sites for Au atoms in clusters. The calculations in this work were performed in part by using the supercomputing resources of the Korea Institute of Science and Technology Information under Grant KSC-2011-C2-24.
